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Abstract 
If subsurface flaws are detected that are close to component free surfaces, flaw-to-surface proximity rule is used to determine 
whether the flaws should be treated as subsurface flaws as is, or transformed to surface flaws. However, specific factors for the 
proximity rules on transforming subsurface to surface flaws differ among fitness-for-service codes. The objective of the paper is 
to reveal the proximity factor from the stress intensity factor interaction between the subsurface flaw and the free surface.   
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1. Introduction 
If subsurface flaws are detected that are close to component free surfaces, flaw-to-surface proximity rule is used 
to determine whether the flaws should be treated as subsurface flaws as-is, or transformed to surface flaws. This is 
because stress at the ligament between the subsurface flaw and the component free surface is acting high, which can 
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lead to ligament failure. The concept of the transformation from subsurface to surface flaw is adopted by fitness-for-
service (FFS) codes. However, the specific factors for the rules on the transformation differ among the FFSs.  
One of the authors had performed fatigue crack growth experiments[2015]. It was found that the proximity factor 
depends on aspect ratio of the subsurface flaw. It can be inferred that interaction between the subsurface flaw and the 
component free surface is connected to the transformation. The objective of this paper is to clarify the proximity 
factor from the view point of stress intensity factor interaction.  
 
Nomenclature 
a, aS flaw depth, flaw depth after transformation 
da/dN fatigue crack growth rate 
K0,1,2 stress intensity factor at the location of point 0, 1, or 2 
","S flaw length, flaw length after transformation 
N number of cycles 
S ligament distance between subsurface flaw and component free surface 
t wall thickness 
Y proximity factor (= S/a) 
'K stress intensity factor range 
2. Proximity rules 
A subsurface flaw (Flaw A in Fig. 1) located near a component free surface is transformed to a surface flaw, 
where a is the half flaw depth, " is the length of the subsurface flaw, as is the flaw depth, "s is the length of the 
transformed surface flaw and S is the ligament distance from the subsurface flaw to the component free surface. The 
depth of the transformed surface flaw is expressed by as = 2a + S. The stress intensity factor at Point 1 is higher than 
that at Point 2 under membrane stress. Initiation of failure is expected to occur at the ligament of the subsurface flaw. 
The subsurface flaw located near component free surface is re-characterized as a surface flaw in all FFS codes. 
The proximity rules for re-characterization for various codes are tabulated in Table 1. The locations at the 
transformation of subsurface to surface flaws and the transformed flaw length "s are different among FFS codes.  
British Energy (Current EDF Energy) R6[2000], BS 7910[2005] and European project FITNET 
procedures[2004] do not provide the distance S for transformation. FKM[2004] in Germany and RSE-M[2010] in 
France provide proximity rule in that S/a < 1.0, a subsurface flaw is transformed to a surface flaw, where the length 
of the surface flaw "s are different. Chinese code GB/T -19624[2004] for pressure vessels considers not only the 
ligament distance but also the back of the subsurface flaw. High Pressure Institute of Japan HPIS Z101[2008] gives 
the ligament distance S as a function of original aspect ratio a/" and safety factors (SF). ASME[2013], JSME[2004], 
Swedish SSM[2008] as well as French A16[1995] for nuclear 
components provide the proximity rules as follows; 
 
Y = S/a < 0.4    (1) 
 
When a subsurface flaw is satisfied with Eq. (1), the subsurface flaw 
is treated as a surface flaw, where Y is the flaw-to-surface proximity 
factor. WES 2085[1997] of Japan Welding Engineering Society 
defines transformed surface flaw, if S/a < 0.25. Czech code 
A.M.E.[2005] provided as S/a < 0.11 is the shortest distance S among 
FFS codes. In the American Petroleum Institute API 579[2007], a 
subsurface flaw is transformed to a surface flaw based on S/t, where t 
is the wall thickness, irrespective of the flaw depth a.   
Although the concepts of the proximity rules are the same in all 
FFS codes, it can be noted that the locations transformed from 
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Fig. 1   Subsurface and surface flaws transformed 
from subsurface flaw.
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subsurface to surface flaws and transformed surface flaw lengths are notably different. It is easily suspected that 
remaining lives of components containing the same size subsurface flaws are considerably variable. Each criterion 
was supposed to be established by engineering judgments.  
In order to understand the behaviour of the subsurface flaw transformation comprehensively, interactions of 
stress intensity factors for the subsurface flaw were analysed by using finite element analysis.   
 
3.0 Stress intensity factor interaction 
 
FEM analysis employed for calculations were two programs, S-FEM and X-FEM. S-FEM program was used to 
obtain stress intensity factors at Points 1 and 2. X-FEM program was used to obtain stress intensity factors at Points 
1 and 0, where Point 0 is at the location for the subsurface flaw (FLAW B) in the center of the plate cross section, as 
depicted in Fig. 1. The stress intensity factors at Point 1 by S-FEM and X-FEM were checked and the both results 
were in good agreement. Model of a subsurface flaw in a plate is illustrated in Fig. 2. The subsurface flaws for the 
calculations are elliptical shapes with depth of 2a = 5 mm and length of "= 40, 20, 13.3, 10 and 8 mm. The aspect 
ratios of these subsurface flaws are a/" = 0.125, 0.25, 0.375, 0.5 and 0.65. The distances from subsurface flaw to 
component free surface are S = 0.5 to 5.0 mm. The width, thickness and length of the plate are 200, 100, and 400 
mm, respectively. Young’s modulus and Poisson’s ratio are 206 GPa and 0.3, respectively. Applied tensile stress of 
the plate is 127 MPa.  
Stress intensity factors at Points 1 and 2 for subsurface flaws were obtained by S-FEM, where K1 is the stress 
t
2a
S
"
"s
as
t
[All codes : as= 2a+ S]
"s = 2" or "s = 2a+S+" ; for brittle
"s = 2a + S+ " ; for ductile
"s = 2a+S+"
If ligament failure is predicted
"s = max[2", 2a+S+"]  ; for brittle
"s =  2a + S + " ; for ductileS/a < 1.0
R6
S/t < 0.2
"s = 2S+"
S/a < 0.4
"s = ",                  if as/"sd 0.5
"s = 2(2a+S),       if as/"s  > 0.5
"s = "S/a < 0.4
S/ad 0.604 - 0.512(a/")0.5, if SF = 4.0
S/a d 0.752 - 0.639(a/")0.5, if SF = 3.5
"s = 2S+"
S/a < 1.0
"s = max[", 2(2a+S)],    if a/"<0.5
"s = 2(2a + S),                 if a/"t 0.5
BS 7910,
FITNET
FKM
RSE-M
A16
ASME,
JSME, 
SSM
API 579
WES 2805
HPIS Z101
Codes
&
Standards
Location and condition Flaw length transformed
[SF: Safety Factor]
If ligament failure is predicted
"s = ",           if " > 2a+ S
"s = 2a+S,     if " d 2a+ S
A.M.E. S/a < 0.11 "s = "
S/a < 0.25
GB/T-19624
-2004 S/a < 0.8 d [ t- (2a+S)]/a "s = "
Table 1  Flaw-to-surface proximity rules in various codes 
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intensity factor at Point 1 and K2 at Point 2. The values of K1 are larger than K2, because K1 is amplified by the free 
surface. This is an interaction and the interaction is expressed by the ratio of K1/K2. Figure 3 shows the interaction as 
a function of  the ligament length S. The K1/K2 increases rapidly with deceasing S and the flaw aspect ratio a/". It can 
be seen that subsurface flaw with small a/" is easy to penetrate the ligament, and becomes surface flaw. On the 
contrary, the flaw with large a/" penetrates, when it is close to the free surface. It is worth noticing that small aspect 
flaw shall be transformed to surface flaw at far distance from the free surface. It is suggested that the subsurface 
flaw transformation is not a fixed location as provided by FFS codes.  
Regarding to the interaction of the subsurface flaw near the free surface, the Point 2 of the subsurface flaw is also 
close to the free surface. It might be affected by the free surface when the subsurface is very close to the free surface. 
Besides, for more universal interaction, stress intensity factor at the center of the plate cross section might be 
reasonable, instead of K2. Stress intensity factors at the center of 
Point 0 were calculated for the same flaw sizes of the Flaw A by 
X-FEM, where K0 is the stress intensity factor at the center of 
Point 0, as shown in Fig. 1. The ratio of K1/K0 is shown in Fig. 5. 
The tendency of the interaction K1/K0 vs. S is similar to K1/K2 vs. 
S. However, the values of K1/K0 are higher than those of K1/K2. 
The stress intensity factors at K1 derived from S-FEM and X-
FEM were in good agreement, as mentioned before. Therefore, 
K0 is smaller than K2, and this means that K2 was affected by the 
free surface. It is pertinent that all interactions of stress intensity 
factors at Point 1 were based on the stress intensity factors at the 
location of Point 0.  
4. Equivalent fatigue crack growth rates for subsurface flaws 
When considering the transformation from subsurface to surface flaw, fatigue crack growth, ductile crack growth, 
brittle fracture or creep-fatigue crack growth for subsurface flaw is considered as crack growth mechanism. Fatigue 
crack growths for subsurface flaw and surface flaw were well developed and also tested by carbon steel plates with 
subsurface flaws. The fatigue crack growth is taken into account herein. Stress intensity factor is directly related to 
fatigue crack growth rate. Fatigue crack growth rate da/dN is expressed as; 
 
 da/dN = C('K)m   (2) 
 
where N is the number of load cycles in flaw growth evaluation, 'K is the stress intensity factor range, C is the 
scaling parameter, and m is the material constant. The ratio of fatigue crack growth rate at the Points 0 and 1 is 
expressed as ('K1/'K0)m from Eq. (2). The fatigue tests for the plates containing subsurface flaws were performed 
Fig. 3 Stress intensity factor interaction based on 
subsurface flaw at Point 2. 
Fig. 4  Stress intensity factor interaction for subsurface 
flaws based on cantered subsurface flaw at Point 0. 
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Fig. 2  S-FEM mesh for subsurface flaw in plate
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by one of the authors, and m is obtained as m = 4.83[2015]. 
Ratio of fatigue crack growth rates at Points 1 and 0 are 
derived from Fig. 4. The fatigue crack growth rates are given 
by ('K1/'K0)4.83. Figure 5 shows the fatigue crack growth 
rates ('K1/'K0)4.83 as a function of ligament distance S. The 
fatigue crack growth rates increase with decreasing the 
ligament distance S. In addition, the rates are faster for small 
flaw aspect ratios. Particularly, the growth rate at about S = 
1mm for the aspect ratio a/" = 0.125 is considerably faster 
than that for a/" = 0.625. When ('K1/'K0)4.83 is a fixed value, 
the relationship of a/" and S for the same fatigue crack growth 
rates, which is called an equilibrium fatigue crack growth rate, 
are derived from Fig. 5.  
 Figure 6 shows the equivalent fatigue crack growth rates 
from ('K1/'K0)4.83 = 1.2 to 2 for ligament distance S. 
Ligament distance S increases with decreasing aspect ratio a/" under constant ('K1/'K0)4.83. It means that subsurface 
flaw with small aspect ratio grows fast at the long distance of the free surface and approaches to the free surface. For 
example, when ('K1/'K0)4.83=1.4, fatigue crack growth rate for subsurface flaw with a/" = 0.1 at S = 4.5 mm is 
equal to that with a/" = 0.6 at S =1.5 mm. It is suggested that a subsurface flaw with small aspect ratio grows easily 
to be a surface flaw at the far distance from the free surface.  
      When the distance S divided by the flaw depth a, the ordinate of Fig. 6 becomes S/a, which corresponds to the 
definition of the proximity factor Y (= S/a). The relationship of S/a and a/" is shown in Fig. 7. The equivalent fatigue 
crack growth rate can be expressed by S/a and a/". It is emphasized that the equivalent fatigue crack growth rates for 
subsurface flaws at Point 1 are not constant. The rates depend on the aspect ratio a/". Experimental data obtained by 
flat plate specimens with subsurface flaws are also plotted as open circles in Fig. 7. However, the experimental data 
are not exact proximity factor Y, as mentioned below. 
4. Proximity factor for subsurface flaws 
The experimental data shown in Fig. 7 were obtained from cyclic fatigue tests for carbon steel flat plates with 
subsurface flaws by one of the authors[2015]. During the fatigue crack growth test, beach marks under different 
cyclic stresses were introduced to the specimens to recognize growing crack shapes. After breaking the specimens, 
crack growing depth a and ligament distance S were measured by the beach marks. It was difficult to introduce 
beach marks when the subsurface flaws are approaching near the free surface, because of high growth rates. The 
data in Fig. 7 are obtained from the last beach marks just before ligament penetration. Therefore, the data obtained 
by experiments is affected by the timing of beach marks. The experimental data provide not exact a proximity factor 
Fig. 5  Ratio of fatigue crack growth rates for 
subsurface flaws near free surface and in the center of 
Fig. 6  Distance from free surface under equivalent stress 
intensity factor interaction. 
Fig. 7  Proximity factor derived from equivalent stress 
intensity factor interaction. 
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Y. However, the data are significantly useful to determine the proximity factor.  
In comparing with the curves of the equivalent fatigue crack growth rates of ('K1/'K0)4.83and the experimental 
data in Fig. 7, a curve of ('K1/'K0)4.83 = 1.4 is close to the experimental data. Figure 8 shows the curve of 
('K1/'K0)4.83 =1.4 as a solid line and the experimental data as a function of the aspect ratio a/". Although the slope 
of the curve is slightly small compared with the experimental data, the curve means that the fatigue crack growth 
rates at the Point 1 are the same for subsurface flaws with different flaw aspect ratios. Appropriate equation close to 
the curve of ('K1/'K0)4.83 = 1.4 is shown in Fig. 8, as a dotted curve for reference. The dotted curve is given as Y = 
1.4 - 1.4(a/")0.5. 
The mechanical meaning of the subsurface flaw 
transformation is considered from the interaction of 
stress intensity factor. The equivalent fatigue crack 
growth rate of ('K1/'K0)4.83=1.4 is converted to 
('K1/'K0) =1.07, which means the interaction of the 
stress intensity factor is K1/K0 = 1.07. It is suggested 
that the subsurface flaw shall be transformed to surface 
flaw, when the stress intensity factor at Pont 1 is 7% 
larger than that at Point 0. Conclusively, the increase of 
7% of the stress intensity factor is the transformation 
from subsurface to surface flaw from the view point of 
stress intensity factor interaction. 
5. Conclusion 
FFS codes provide proximity rules, where the proximity factors are fixed values. However, it was found that the 
proximity factor from subsurface to surface flaw is not a fixed value. The proximity factor is a function of flaw 
aspect ratio, and the factor increases with decreasing aspect ratio. It is concluded that subsurface flaw shall be 
transformed to surface flaw, when stress intensity factor interaction becomes 7% large.   
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